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ABSTRACT

Use of Drone and Infrared Camera for a Campus Building Envelope Study
by
Raheem Ariwoola
Presently, there are concerns that buildings in the USA under-performs in terms of energy
efficiency when compared with the original design specifications. A significant percentage of the
energy loss in these buildings is associated with the building’s envelope. This study provides a
qualitative and analytical understanding of the R-value, which indicates the thermal performance
of the elements that make up a building envelope. Infrared thermography is used as a
methodology to assess the thermal performance of envelopes of ten buildings on East Tennessee
State University Campus. A Fluke Ti25 infrared hand-held camera and a DJI phantom-2 drone
mounted with FLIR Vue Pro infrared camera were used for data collection. Data analyses were
carried out using ‘Smartview’ and ‘FLIR Reporter Pro’ software. The data analyses revealed
energy loss, insulation deficiencies, the associated energy costs of the inefficiencies and the
potential savings that could result from correcting these deficiencies in the evaluated building’s
envelopes.
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CHAPTER 1
INTRODUCTION

Overview
This introductory chapter states some of the reasons for using drone-mounted infrared
thermography in the energy efficiency diagnosis of buildings. The chapter further illustrates the
scope of the research work concluding with a summary of the contributions of the study to
sustainable campus infrastructure development.

Research Aim and Objectives
The aim of this research is to investigate how infrared thermography and drone
technology can be used effectively in the identification of existing buildings envelope
deficiencies.
The objectives of this research are to:
•

study and locate various envelope deficiencies of the University building’s envelope
elements, some of which would be difficult to determine and analyze by diagnostic
methods other than infrared thermography.

•

quantify the existing thermal resistance of the envelope elements known as the ‘RValue.’ The resulting R-value will be compared with the values published by ASHRAE
in their energy efficiency standards.

•

determine the impact of highly conductive envelope elements such as metal channels
within the building exterior walls and ascertain the degree of accuracy that these
9

structural components were installed compared with how they were depicted on the
building’s architectural drawings.
•

analyze the actual annual energy losses (kWh), associated costs, and the potential savings
that can be expected by improving the R-value of the deficient building envelope
elements.

Background and Motivation of the Research
Presently, there are concerns that buildings in the USA underperform in terms of energy
efficiency when compared with their original design documents. Data published by the U.S.
Department of Energy (DOE) indicates that residential and commercial buildings are responsible
for nearly 40% of total primary energy consumption in the USA (USDOE, 2013). Seventy-one
percent of this value is associated with consumption of electrical energy at a cost approaching
$400 billion dollars annually.
Building Envelope is a term that encompasses the walls, doors, windows, roofs, and
skylights of any building through which thermal energy transfers as the ambient temperature
changes throughout the day. This exchange of energy through the envelope between the inside
conditioned space and the outside ambient is a function of the temperature and pressure
differences between these environments and can be a significant source of a building’s operating
inefficiencies. The envelope energy losses of buildings are primarily due to poor installation of
the thermal insulation, aging of the structure and to the infiltration of unconditioned air into the
conditioned spaces. Therefore, building energy efficiency can be improved by initially using
higher quality elements within the envelope, properly sealing gaps between building components
and resolving existing deficiencies are key to reducing the energy consumption. This
10

“tightening” of the envelope more effectively keeps the conditioned air inside. This reduces the
thermal and moisture loads experienced by the HVAC systems, thereby reducing the amount of
energy they need to maintain the indoor environment, increasing the efficiency at which they
operate (Fennell, 2015). Acquiring knowledge about the actual heat transfer paths through the
components of the building envelope is a necessary step in assessing the sustainability of a
building’s structure (Nardi, Sfarra, & Ambrosini, 2014).
Thermal resistance is quantified by a variable called the R-value. The R-values of the
components that make up a building’s envelope is used in estimating the energy efficiency and
expected performance of that building (Ham & Golparvar-Fard, 2001). A less efficient building
envelope component will have a lower R-value. Conversely, more efficient components will
have higher R-values. Overall, the building envelope is responsible for about 25% of the total
energy loss in buildings in the USA, but can impact up to 42% of energy loss in residential
buildings, and 57% of energy loss in commercial buildings (USDOE, 2013). Therefore,
improving the building envelope offers significant opportunity for building energy efficiency. In
addition to energy savings, tightening the envelope will also improve the indoor air quality of
occupied spaces resulting in improved occupant’s comfort.
There are several challenges that are necessary to overcome when making improvement
to the envelopes of existing buildings:
•

the R-values of the building envelope are generally not consistent (homogeneous)
throughout the area of an envelope component. This is especially true for older buildings.
R-values can change over time due to environmental conditions, material deterioration,
and building modifications and usage. R-value performance can actually decline as much
as 50% over time (Fennell, 2015). Therefore, there is a need to determine the in-situ R11

values of existing building envelope components to quantify actual and projected changes
before implementing any building envelope improvement project.
•

since some of the components of the building envelope have very large surface areas,
data collection for quantifying of the heat transfer through a building envelope is timeconsuming and relatively costly. As a result, energy management personnel seldom
prioritize envelope improvement projects due to the difficulty in identifying existing
insulation and sealing deficiencies and the associated lack of reliable data regarding the
energy performance of the building envelope. An accurate, rapid data collection process
can assist with overcoming these limitations. Building management can use this data to
implement building envelope improvement projects with confidence in the projected
savings.

Scope of the Study
This research study presents a method that can be used to calculate the R-values of
existing building envelopes. Drone-mounted and hand-held infrared cameras were used to
calculate the overall R-value of the envelope elements to determine their existing heat transfer
rates. A DJI-Phantom 2 drone equipped with a Flir-Vue Pro infrared camera was used along with
a Fluke TI25 hand-held infrared camera for rapid data collection in this research. The developed
analysis process was then applied to ten buildings on the East Tennessee State University
(ETSU) campus. Based on the data collected, energy transfer through the respective building
envelopes along with the potential utility savings were calculated based on the recommended Rvalues for similar building elements stated in ASHRAE’s Standard 90.1-2013 energy code.

12

Contributions of the Study to Sustainability
A building envelope study provides a good qualitative and analytical understanding of the
thermal performance of major building envelope elements. It identifies major deficiencies, and
helps in developing appropriate energy conservation measures to improve a building’s
performance. This study contributes to the triple bottom line of sustainability: planet, profit, and
people. Better energy performance of building results in less carbon emission (planet), saves
energy cost (profit), and contributes to better human health and comfort (people). The process
described in this thesis will improve the long-term energy efficiency of the existing buildings and
contribute to the improvement of a sustainable campus.
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CHAPTER 2
LITERATURE REVIEW

Overview
This chapter is focused on relevant research works studying heat transfers in a building
by infrared thermography. The first few sections focus on the features of energy efficient
buildings and the applications of thermography in building analysis. The latter sections explain
the various international standards and codes that are published to ensure heat losses in buildings
are reduced. The chapter concludes by reviewing previous research works on applications of
drones for inspection, security and surveillance.

Energy Efficient Buildings
Energy efficient buildings reduce greenhouse gas emissions, unnecessary energy
consumption, and demands for non-renewable resources (Trefry, 2013). They concurrently offer
better living conditions, improve occupants’ comfort and health, and provide homeowners with
significant cost savings over conventional buildings. Energy-efficient building constructions
begin with a building design that integrates modern energy savings ideas together. Architects and
engineers play unique roles in designing and implementing energy-saving opportunities in a
building. Many energy-efficient buildings have some fundamental elements in common: a tightly
sealed thermal envelope, highly-efficient heating and cooling systems, energy-efficient doors and
windows, properly controlled ventilation, and low-energy consuming appliances (IEA, 2013).

14

Elements of Building Envelope
Wall
Heat is transferred to or from buildings by conduction through the exterior walls, which
constitute a major fraction of a building envelope. Therefore, a wall’s thermal resistance heavily
influences the building’s overall energy consumption. About 35% of heat loss of a building
escapes through its exterior walls and through the gaps around the windows and doors (USDOE,
2013). Thus, proper wall insulation and sealing will reduce heat loss and improve the efficiency
of a building. An energy-efficient building will generally have higher insulation thermal
resistance (R-values) than the values proposed by most local building standard codes. The Rvalue represents the ability of a material’s resistance to heat transfer, and the lower the R-value
of a building insulation, the higher the conductive heat loss in that building. For example, a
commercial building in Tennessee, according to ASHRAE published standard (90.1-2010), will
have insulation with values of R-9 in the exterior walls and R-19 in the ceilings. A building
designed to have a higher energy-efficiency will have the building element R-values greater than
those stated in the ASHRAE standard. Insulation techniques can be improved in the exterior
walls of a building by carefully applying wet-spray cellulose, fiberglass batt or rolls, foams to fill
wall cavities (IECC, 2015) or by installing the rigid panels in a continuous later on the outside
surface of the wall to minimize gaps. The R-values of some common insulations and wall
materials are illustrated in Figure 1.
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Figure 1. R-values of Some Common Insulations and Wall Materials (adapted from IECC, 2015)
Fenestration (Doors and Windows)
The building fenestration is known as one of the weakest thermal control units in building
exteriors (Pacheco, Ordóñez, & Martínez, 2012). Even, modern energy-efficient labeled
windows insulate less than a wall. An energy efficient window may have an R-value of 5
compared to a value of R-19 for the wall it is inserted in. A typical residential building loses
more than 25% of its heat through windows and doors (USDOE, 2013). An energy-efficient
building in a heating-dominated climate should, overall, have few, or at least, small-sized
windows in the northern, eastern, and western oriented sides of the building. This strategy will
decrease the overall window / wall ratio of the design, increasing the R-value of the envelope.
An effectively designed roof overhang for windows facing the south will support the prevention
of overheating in the summer, and those windows must have high Solar Heat Gain Coefficients
(SHGC). Windows facing north, east, and west can have low SHGC. If all aforementioned
16

designs are not possible, windows with energy-star label will be sufficient to compensate for all
heat gains. The best window designs are the awning and casement patterns because they often
close tighter than the sliding styles (NREL, 2011).
Roofs
Roofs are a crucial part of the building envelopes because about 25% of heat loss is
through the roof (Greenage, 2014). Roofs are also highly susceptible to solar radiation, thereby
influencing the amount of heat transfer into the building during high solar periods and increasing
the energy usage in a building. Roofs account for a large amount of heat loss or gain, especially
in buildings with large roof area, such as auditoriums, sports complexes, exhibition halls, etc.
The effects of solar radiation on roofs can be improved by increasing the R-value of the roof
insulation, implementing some passive cooling techniques in tropical climates. The passive
cooling techniques may include a layout of roofs with minimum solar exposure, mechanically or
naturally ventilated roofs, and creating white-washed external roofs to minimize solar
absorptivity. Building roof shadings or applying proper roof coatings is also one of the methods
of mitigating the effect of solar radiation on a roof surface (Sadineni, Madala, & Boehm, 2011).

Applications of Thermography in Buildings
There are various standardized methods used to estimate the thermal resistance or thermal
transmittance of a building’s envelope elements. Wall stratigraphy, Heat Flux Meters (HFM)
method, and Infrared Thermography (IRT) are some of the methodologies used to evaluate the
amount of heat transfers (Nardi et al., 2014). From these methodologies, IRT is known to
provide a simple, fast, accurate, non-destructive, realistic, and reliable technology in determining
the spatially resolved temperature distributions of building component surfaces. Infrared
17

thermography can provide more accurate measurement than other methods because it considers
the radiation effects and emittances of the target surfaces (Fokaides & Kalogirou, 2011; Snell &
Spring, 2008).
Recently, quantifying R-value by IRT is attracting more research attention because the
knowledge of R-value of building envelope components is one of the important pre-conditions in
classifying the energy efficiency and performance of a building (Ham & Golparvar-Fard, 2001).
The method has been validated by Fokaides and Kalogirou (2011), with an acceptable level of
accuracy, and can be used to determine the R-value of building components, especially for old
buildings whose data has been lost or are not known.
Despite all the benefits accrued in using IRT for building diagnoses and inspections, it
also presents some difficult challenges. Large scale data acquisition and analysis – similar to
those associated with evaluating building envelopes - are expensive to carry out; it depends on
material thickness and it is subjective because the quality of the overall analysis is a function of
the experience of the thermographer. Interpretations of the data can be challenging due to the
influence of external factors like weather, shading, reflection from trees, nearby buildings, and
nature of building materials. The thermal images give qualitative data about the buildings under
diagnosis at a point in time. To make an accurate analysis of energy loss due to insulation
characteristics, it is necessary to obtain quantitative data from the same thermographic images.
This can be achieved by developing the quantitative analysis using proprietary software
compatible with the infrared camera that is being used in data acquisition (Ham & GolparvarFard, 2013; Julie, 2012).
A study by Madding (2008), revealed a method for quantifying R-values of stud frameconstructed houses from thermal image analysis. The R-value provides information on how
18

effective a building insulation is performing. A poor building envelope component will have a
lower R-value while the better ones will have higher R-values. Another research by Ham and
Golparvar-Fard (2013) presents an automated cost analysis of energy loss in buildings by
quantitative analysis of thermal imagery from a level of 3D points. Another work by Cage, Walls
and Wolfe (1981) discusses the use of aerial thermography in the detection of heat loss/gain,
moisture defects, structural defects and other anomalies of building envelopes on school
properties. One of the prior factors to be considered before the technology is used for energy
conservation activities is to initially evaluate each building operating characteristics on a campus
and identify a building that appears to be more energy intensive and consequently, more
expensive to operate than the other building having similar construction, uses and schedules. The
initial study also determines if part of a building is significantly hotter or colder than the rest of
the conditioned spaces (Cage et al., 1981).
Aerial thermography is gaining more attention by researchers in recent years. This is
because it is a step to develop energy conservation programs when heat losses are detected in
buildings. Aerial thermography is expensive to operate, but in order to appreciate the technology,
the advantages (cost-efficiency) in comparison with similar technologies must be weighed at the
beginning. Then, the cost-effective method is chosen. Aerial thermography has the highest rating
in the cost-benefits analysis (Cage et al., 1981). Another advantage of using aerial thermography
systems is that they are simple to operate, its data easy to interpret and can also be analyzed by a
competent person after gaining the technical knowledge in a brief training period. One of the
limitations of aerial thermography is image blurring, because camera may not be able to focus to
capture a clear thermal image (Cage et al., 1981). However, this limitation has been overcome by
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modern cameras. Flir-Vue pro camera used in this research work is easy to use, capable of
capturing a well-focused and clear thermal image every second (FLIR Vue, 2015).

Application of Drone in Buildings, Inspections, and Surveillance
Recently, there has been an increase in the use of drones for high risk jobs, search and
rescue. Drones have the ability to be fitted with high-definition and high-resolution cameras that
allow users on the ground to achieve a real-time survey, video, or imagery of a site or campus.
Traditionally, the aerial footage of a site would have to be captured from a light aircraft or a
helicopter, and the fuel cost alone is a demerit that makes drones a much more viable and reliable
alternative since the source of power for their flight can easily be recharged if exhausted of
power (Lavars, 2015).
Inspections and surveillance are part of the major benefits of drone technology and
perhaps, the most common application of drones in an organization with a huge facility such as a
school campus. With drones, land and building management becomes very easy. By using
infrared cameras at low speeds, drones can take clear images of fire-prone areas and buildings
where heat and air are escaping out of the envelope, which were hitherto difficult with manned
aircrafts because they are expensive and their velocity makes it almost impossible to get clear
images of these areas (Anderson, 2015). Further, in June 2015, Siemens Corporation revealed a
pilot project whereby aerial data collected by drones is combined using the image processing
software to envision energy losses across the whole neighborhoods. The data collected is then
given as thermal maps making it easier to recognize the buildings that could be renovated or the
one that needs to be made more energy efficient (Siemens, 2016). Still under surveillance, drones
have been used to pinpoint problematic areas in construction works where human access may be
20

impossible. In respect to this, unlike cranes, drones are no longer seen merely as passive
onlookers used in capturing information about an environment, but they are made useful in
engaging with that environment in a significant way through construction, manipulation, and the
way they interact with humans in that environment.
From all the attention drones are getting right now, it is inevitable that people are finding
new practical uses for them. One area where drones are rapidly gaining traction is in building
and construction. The importance of aerial survey and mapping in any building and construction
venture cannot be overstated. However, these surveys are most times expensive and timeconsuming due to the techniques required and the complexity of the devices used. The aerial
imagery is usually taken and measured against some tools such as Google Maps. This will
calculate height restrictions, site dimensions, and various access points at strategic locations.
Furthermore, drones can also be used to provide real-time monitoring of contractors
working on a site. This will help to ensure health and safety standards of workers are being met.
Security agencies and firms can also incorporate the use of drones at night to protect their
assigned area against trespassing and theft. Traditional static CCTVs used for monitoring
purposes are less mobile and more expensive. On a lighter but non-trivial note, drones can be
used to guide against light pollution. Lighting and light pollution are a key concern for
sustainability in building and construction firms. Drones can be deployed at night to track site
illumination, ensuring it is even and not unnecessarily spilling over the set boundaries. Even
though a careful plan was created to set a variance between what is expected and what happens,
the drone technology can help manage and rectify this situation (Staughton, 2016).
In the future, drones can be developed specifically to reduce or eliminate completely the
need for humans to perform high-risk jobs in inspection, surveillance, and construction. In fact,
21

drones could be miniaturized as inexpensive and disposable nanobots that do repair and
maintenance in difficult-to-reach or high-risk spaces. This advancement will increase the chances
of overall adoption of drones for various inspections and commercial purposes.

Standards and Codes Related to Building Envelope Study
ASHRAE 90.1
ASHRAE 90.1 is a standard developed in the US and provides the minimum
requirements needed for the design of energy efficient buildings. This energy standard is for all
buildings except low-rise residential buildings. Before 2001, the standard was called ASHRAE
90. The original standard was published in 1975. The newest building studied in this research
work was constructed in 1974, therefore, it still seems proper if they fall below the standard as
published by ASHRAE. There have been multiple editions to this standard after the year it was
first published. The standard has been put on proper and continuous maintenance and has always
been updated multiple times each year due to the rapid changes in energy technology, the need to
have sustainable buildings, and the energy prices. For example, ASHRAE 90.1- 2010 achieved
30% of energy savings when compared to ASHRAE 90.1- 2004. The latest standard is ASHRAE
90.1- 2013 updated to reflect different innovations and more efficient technologies (ASHRAE,
2013).
International Energy Conservation Code
The International Energy Conservation Code (IECC) is an international building code
created by the International Code Council (ICC) in the year 2000. Like ASHRAE 90.1, it is a
reference code but written in a mandatory and enforceable language adoptable by the state and
local jurisdictions as a baseline design and construction prerequisites for energy efficiency in
22

residential and commercial buildings. The IECC references a number of ASHRAE Standards,
particularly, the ASHRAE 90.1 standard for buildings except for low-rise residential buildings.
IECC standards are also updated occasionally to reflect the stringency of the US DOE to cut
down energy usage in buildings, and increase building efficiency (IECC, 2015).
National Fenestration Rating Council
The National Fenestration Rating Council (NFRC) is a non-profit organization in the US
that sponsors an energy efficiency certification and labeling program for doors, windows,
skylights and similar products. The NFRC energy performance label helps to determine how
efficient a building component will perform in the functions of keeping the building cool in the
summer, keeping the building warm in the winter, keeping out the wind, and resisting
condensation.
NFRC labels provide performance ratings for building components in five categories;
“U-Factor, Solar Heat Gain Coefficient (solar heat gain or "SHGC"), Visible Transmittance
(VT), Air Leakage (AL), and Condensation Resistance (CR)” (NFRC, 2014, p. 1). The NFRC
rating allows home-owners, architects, builders, inspectors and code officials, contractors, and
specifiers to determine whether building elements meet the standard code or compare the energy
efficiency in choosing products before making a purchase.
Lawrence Berkeley National Laboratory (LBNL)
Lawrence Berkeley National Laboratory (LBNL) also referred to as “Berkeley Lab” is
a national laboratory located in the Berkeley Hills, United States. It conducts scientific research
in the area of energy efficient buildings, home energy saving, renewable energy, lasers and many
more, on behalf of the USDOE. One of the software created in this lab for the design of energy
efficient buildings is Berkeley Lab WINDOW 7.4. This software has easily accessible
23

collections of window system materials, (glazing layers, glazing systems, frame, gas fills, and
divider elements), at any tilt, under any environmental conditions. The simulations of the
materials can create a model of complex glazing systems such as roller shades and venetian
blinds (LBNL, 2015).
ISO 6946:2007
This is an international standard for building components and building elements. It
provides a stepwise approach for calculating thermal resistance and thermal transmittance of
building elements. Other areas where the standard is used include: mathematical calculation
methods for construction system parts, thermal insulations, thermal building designs, and heat
transfers. In this standard, the procedures for calculating the thermal U-values of walls are
explained in details. Figure 2 shows the published conductivity and resistance values of
insulating materials in a wall cross section, which are necessary to establish the U-factor of a
building component (ISO, 2012)

Figure 2. Cross Section of Materials in a Procedure for the Calculation of U-Value (adapted
from Train-Energy, n.d.)
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Table 1.
Extract of the Surface Resistance (Rse and Rsi) Values in ISO 6946:2007 (ISO, 2012)
Surface Resistance

Direction of Heat Flow

m2K/W

Upwards

Horizontal

Downwards

Rsi

0.10

0.13

0.17

Rse

0.04

0.04

0.04

Based on the knowledge acquired from the scholarly articles and proposed methodologies
in the previous studies, this work estimates the R-values of some building elements of ten
different buildings on East Tennessee State University (ETSU) campus. It uncovers some
insulation issues from the rapid data collection method using a drone-mounted infrared camera.
It also reveals various insulation defects, heat loss issues, and costs associated with them. It
further illustrates cost-effective solutions to all the issues detected, and provides a payback
analysis of the investments, to establish a way to improve long-term energy efficiency of the
buildings and establish a sustainable campus.
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CHAPTER 3
METHODOLOGY

Overview
This chapter explains the research process and method applied to generate the data
presented in this study. A significant part of the chapter illustrates the procedures and the
important environmental conditions needed to maintain the accuracy of the data. Details
regarding the development of cost estimations are also presented. The chapter concludes with the
presentation of a strategy employed to estimate future savings and a simple payback period for
each measure.

In-situ R-value Measurement
This section quantifies the thermal resistance (R-value) of various building’s envelope
elements of ten sample buildings on the ETSU campus. In order to estimate the R-value of a
building element, the overall heat transferred through the element being evaluated is measured.
The heat transfer calculations include the effects of thermal conduction, convection and radiation
driven by a temperature difference between the inner surface of the element and the outdoor
environment. To increase the accuracy of the measurements, it is necessary that there should be
at minimum of a 10℃ 𝑜𝑜𝑜𝑜 18℉ steady state temperature difference between the indoor and

outdoor air (Snell & Spring, 2008). The R-value of the element is quantified by calculating the
actual amount of heat that is transferred to the target when it is in steady-state heat transfer
conditions. All the data obtained with an infrared camera in this research work was collected
early in the morning when the outdoor temperature was significantly lower and this was also the
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period that recorded the little chance of direct radiation from the sun. The overall heat transfer
rate through the surface of an element with an area (A) and inside and outside temperature
difference (∆𝑇𝑇) is represented in equation (1) (Ham & Golparvar-Fard, 2001). Where
heat transfer rate, and R is the thermal resistance.
𝑑𝑑𝑑𝑑

The heat transfer (

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑

=

1

𝑅𝑅

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

× 𝐴𝐴 × ∆𝑇𝑇

is the

(1)

) created by a temperature difference across an element is

inversely proportional to the element’s thermal resistance. This means the heat transfer through
the material between the inside and outside surfaces of the element is reduced by increasing the
overall resistance of the element.
Traditionally, the R-value was calculated by adding the resistivities of each of the
materials making up the building element’s cross section. These materials in the cross section are
the paths through which heat flows from the element’s warmer surface to the element’s cooler
surface. However, the traditional method is complicated and does not work perfectly for existing
buildings where there is insufficient data about the material used in their constructions and
because the R-value of a material decreases with age. Also, to reveal exactly the material in the
building element, it may be necessary to perform destructive sampling of a section of the wall
being evaluated. As a method, IRT is non-destructive, simple to perform and yields real-time
information of the surface temperature of the evaluated element. The surface temperature
acquired can then be used in the calculation of the R-value of the building element.
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The following section describes in-situ R-value for existing building envelope using IRT.
The infrared camera was used to measure the heat transfer rate through an envelope by
generating a color-coded depiction of the surface that indicates the temperature of the surface at
each pixel of the display. The camera was aimed at the surface of the element being evaluated –
which is called the target – and a thermal image was taken with the Flir-Vue Pro infrared camera.
The resulting information was used to quantify the overall thermal resistance.
Research works by Fokaides and Kalogirou (2011), and Ham and Golparvar-Fard (2013)
hypothesized that the majority of heat transfer from the target to the outside environment is due
to thermal radiation and thermal convection as given in equations (2) and (3). Conduction from
the wall surface to the thermal source or sink at the interface of the surface to the air is relatively
small compared to the heat transfer by convection and by radiation. The calculation of the Rvalue in this research study is based on these hypotheses.
4
4
𝑄𝑄𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜀𝜀 × 𝜎𝜎 × 𝐴𝐴 × �𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
− 𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐴𝐴 × (𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 )

(2)

(3)

The R-value can be expressed by combining equations (1), (2), and (3)

𝑅𝑅 =

(𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎 −𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑎𝑎𝑎𝑎𝑎𝑎 )

4
4
−𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�]
[ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ×�𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎 −𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �]+[𝜀𝜀×𝜎𝜎×�𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝐴𝐴𝐴𝐴𝐴𝐴 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑣𝑣𝑣𝑣𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑖𝑖 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 (𝐾𝐾)

(4)

𝜀𝜀 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤ℎ𝑖𝑖𝑖𝑖ℎ 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 0.1 𝑎𝑎𝑎𝑎𝑎𝑎 1.0.

𝜎𝜎 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆– 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 5.67 × 10−8 (𝑊𝑊/𝑚𝑚2 𝐾𝐾4)
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ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the convective heat transfer coefficient which is influenced by temperature

deviations between the target surface and the adjoining surface air and the characteristics of the
air flow at the target interface (Ham & Golparvar-Fard, 2001). The adopted ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 coefficients

used in this work are from ISO 6946:2007. The remaining variables in equation (4) are collected
from the quantitative data of the Infrared thermography image.
Additionally, an Extech Model 451181 (a thermal anemometer) was used to record the
temperature of the inside and outside air, wind velocity and relative humidity.

(a) Extech Model 451181

(b) Fluke Ti25

Figure 3. Equipment Used for Data Collection
The concise summary of the procedure used in this research according to FLIR Systems
(2010) is described below:
•

The walls measured were inside walls, all walls were freed from pictures and other
materials 3-4 hours prior to measurement

•

Ensured the indoor to outdoor temperature difference was at least 180F. Extech Model
451181 was used to record the temperature data
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•

Ensured steady state condition. No external effect or air blowing was present. Extech
Model 451181 was used to measure the wind velocity in order to ensure that the wind is
at 0mph

•

Mounted a piece of crumpled but neatly stretched aluminum foil and black tape near the
target area

•

Allowed target and other materials to be in thermal equilibrium

•

Captured the thermal image of the target and interested areas

•

Obtained the reflected temperature by setting the IR emissivity to 1.0, and finding the
average temperature of the aluminum area

•

Set the emissivity back to 0.95, and recorded the temperature of the black tape

•

Adjusted the emissivity until the target was able to reach the temperature of the black
tape

•

Recorded the target emissivity

•

Recorded the target temperature
The specifications of the Fluke infrared camera used in this work are given in Table 2.

The main challenges experienced in the procedure were associated with the special technique
required for the measurement of the emissivity (ε) of the target surface and an estimation of the
reflected temperature. The special technique was the experimental set-up that required longer
hours of waiting to achieve thermal equilibrium. Weather condition wasn’t constant, wind
velocity or relative humidity may have changed which will affect the accuracy of the data and
may also require starting up the with the procedure again
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Although annual calibration of the Fluke Ti25 infrared camera is very important as a
routine maintenance, and to ensure quality and accurate data are collected, however, the recalibration was not carried out before this study. Re-calibration was not considered an important
factor because relative temperature values are used throughout the study. Moreover, special
experiment was set-up to record the background, reflected temperatures, and emissivity values of
the target surfaces.
Table 2.
Technical Specification of the Infrared Camera Used in this Work (Fluke Training Manual ,
2013)
Name
Field of view

Fluke TI25
23° x 17°

Thermal sensitivity

≤0.1 °C at 30 °C (100 mK)

Spectral range

7.5 μm to 14 μm

Detector type

160 X 120 focal plane array, uncooled microbolometer

Visual camera

640 x 480 resolution

Object temperature range

-20 °C to +350 °C

Accuracy

± 2 °C or 2 % (whichever is greater)

Following the procedure described in FLIR systems (2010), the reflected temperature can
be measured by using a high reflective surface, like a shining part of aluminum foil that has been
carefully stretched after crumpling. This foil, with its shiny surface facing outward, is mounted
near the surface of the target to be measured and allowed to reach a thermal equilibrium with the
surface. Generally, equilibrium was achieved within 3-4 hours. To measure the reflected
temperature, the emissivity of the infrared camera was set to 1.0 and the thermal image was
taken. The resulting temperature data was analyzed using Smartview software, and this showed
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the reflected temperature value. Figure 4 shows the thermal image (left) and the visible light
image (right) for the arrangement to evaluate the reflected temperature and emissivity.

Figure 4. Experimental Arrangement to Determine the Reflected Temperature with Crumpled
Foil
The emissivity of the target’s surface is also an important factor in obtaining accurate
thermal readings with infrared thermography. In this work, the emissivity of the target was
estimated according to the procedure suggested by the FLIR Systems (FLIR Systems, 2010).
This was achieved by using another target with a known emissivity, like black tape (ε = 0.95)
pasted on the building element’s surface. This black tape was also left fixed on the target for 3-4
hours, in order for the tape to achieve thermal equilibrium with the environment. Once the foil,
the black tape and the target surface reach equilibrium, they will have the same temperature but
different values for their emissivity. The post processing of the thermal image (by smartview
software) indicates the mean value of the reading of the target temperature when the emissivity is
set to the known value of 0.95 for the black tape.
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Figure 5. Data Analysis Using Smartview Software
For all building envelope elements that are composed of more than a single material
(such as windows and doors made of glass, dividers, wood or aluminum frame, etc.), the
experiment was set-up to evaluate each material separately, and the R-value was calculated
separately for each of the materials in the overall surface element. Then, the weighted mean of
the R-values of all the materials that made up the element was calculated to represent the
envelope element R-value. For example, to estimate the R-value of a window, each experiment
was performed separately for the frames, the center of the glass, and the dividers. This is done
according to the standard given by NFRC 100-2014, which is used to calculate the overall Rvalue using the weighted mean of the materials as shown in equation (5) (NFRC, 2014).
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𝑅𝑅𝑡𝑡 =

�𝑅𝑅𝑓𝑓 𝐴𝐴𝑓𝑓 �+(𝑅𝑅𝑐𝑐 𝐴𝐴𝑐𝑐 )+(𝑅𝑅𝑒𝑒 𝐴𝐴𝑒𝑒 )+(𝑅𝑅𝑑𝑑 𝐴𝐴𝑑𝑑 )
𝐴𝐴𝑡𝑡

(5)

Where 𝑅𝑅𝑡𝑡 = 𝑅𝑅 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒, 𝐴𝐴𝑡𝑡 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝑅𝑅𝑓𝑓 = 𝑅𝑅 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓,

𝑅𝑅𝑐𝑐 = 𝑅𝑅 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,
𝑅𝑅𝑒𝑒 = 𝑅𝑅 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,

𝑅𝑅𝑑𝑑 = 𝑅𝑅 − 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑,

𝐴𝐴𝑓𝑓 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝐴𝐴𝑐𝑐 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑜𝑜𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

𝐴𝐴𝑒𝑒 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑓𝑓 𝑡𝑡ℎ𝑒𝑒 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

𝐴𝐴𝑑𝑑 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑜𝑜𝑜𝑜 𝑡𝑡ℎ𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

The same process was done for the wall areas, where some sections of the wall area are

insulated, and other areas are not-insulated. The areas for the window glazing are calculated
according to a procedure illustrated by Finlayson, Arsteh, Huizenga, and Rubin, (1993).

Cost Estimation
Once the in-situ R-values were calculated, in the next step energy loss through different
building elements were calculated. An element with a lower R-value predicts that a greater
quantity heat will transfer through the surface than with an element having a higher R-value.
Consequently, more energy loss will be recorded and heating or cooling the building will require
a greater amount of energy. According to Ham and Golpalvar-Fard (2013), the energy loss due to
any insulation when the R-value is known is given in equation (6)

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 =

1

𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

× 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × ∆𝑇𝑇 × 𝑡𝑡

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 is the thermal energy loss by the insulating component in Btu/hr
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 is the quantified R-value for the insulating component
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(6)

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is the total area of the insulating component

∆𝑇𝑇 × 𝑡𝑡 represents the degree days estimated according to data from NOAA (2013)

By expanding equation (6) the energy loss (in kWh) for a particular building envelope

component for both heated and cooled buildings can be calculated with equation (7) and (8). 1
kWh = 3413 Btu.

𝑄𝑄𝑖𝑖𝑖𝑖𝑠𝑠 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×(𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

3413

(7)

𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 is the existing energy loss (kWh) associated with the building envelope component

and the new energy loss (kWh) is calculated using equation (8), (if the component is upgraded or
replaced with another one published by ASHRAE)

𝑄𝑄𝑁𝑁𝑁𝑁𝑁𝑁 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×(𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

3413

(8)

Equation (7) and (8) are for buildings that are heated in the winter and cooled in the
summer. However, the equations can be separated depending on whether the building being
evaluated is only heated or only cooled. For example, if the studied building is only cooled, the
HDD values will be discarded in the equations.
After the energy loss has been evaluated, the energy loss costs were then calculated by
multiplying the energy loss in kWh by the retail price of the energy (in this work $0.0951/kWh
was used for electricity, and $0.081/Therm for the gas used in heating). These price values can
be obtained from local suppliers of electricity and gas. The energy loss cost is a cost that
quantifies the amount of heat loss by a building envelope element. The energy loss cost of the
insulation is given in equation (9).
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Energy Loss cost = 𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖 × Retail price of energy

(9)

There are published R-value standards by ASHRAE for building elements to be used in
different climate regions. These standards were developed to minimize energy loss (loss - winter,
gain – summer) in buildings. As part of the energy savings strategy, after evaluating the energy
loss due to in-situ R-value using equation (7) and the energy loss costs associated with the
existing building component, this work also estimated another energy loss cost according to the
equations (10) & (11) using the R-value published by ASHRAE. The difference in the energy
loss cost between the ASHRAE R-value and the in-situ R-values gave the amount of annual
energy savings for that component. The energy inefficiency costs were estimated separately for
heating and cooling. Both the sources of energy used for heating and cooling are different, and
the number of heating degree days (HDD) and cooling degree days (CDD) also varies. The HDD
and CDD are estimated according to statistics obtained from NOAA website (NOAA, 2014).
On the other hand, the whole building electrical peak demand costs, and the savings
associated with the demand response (DR) strategies were not considered for the costs analysis
in this study. DR is a method used to manage buildings electricity consumption rate in reaction
to their supply conditions, in order to decrease electricity costs and improve energy efficiency.
The reduction in peak electricity demand by DR may involve utilizing some mechanisms such as
light shedding or demand shifting.
The existing annual energy cost for heating and cooling for the components are
calculated using equations (10), and (11).

𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

100,000
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× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑔𝑔𝑔𝑔𝑔𝑔)

(10)

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐶𝐶𝐶𝐶𝐶𝐶)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

3413

× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑒𝑒 (𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒)

(11)

The corresponding new energy costs are calculated for both heating and cooling by
changing the 𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 in equations (10) and (11) to 𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 . The new constant used in equation
(10) is 100,000, which is a conversion rate for Therm to Btu (One therm equals 100,000 Btu).
This work also estimated both the amount of future energy savings and the payback period in
order to determine when the new investment evidenced actual savings. The energy savings in
any intended number of years compounded annually was calculated according to equation (12)
Future Energy savings cost = ∑𝑛𝑛𝑖𝑖 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1 + 𝑟𝑟)𝑛𝑛𝑖𝑖

(12)

𝑟𝑟 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟, 𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛 𝑖𝑖𝑖𝑖 𝑡𝑡ℎ𝑒𝑒 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

The Payback period on the investment was calculated according to equation (13).

Payback period =

𝐶𝐶𝑜𝑜𝑠𝑠𝑠𝑠𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸−𝑁𝑁𝑁𝑁𝑁𝑁)𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(13)

There are some other critical factors, e.g., the air infiltration rate, and solar heat gain
effects, that require adequate consideration when evaluating energy loss, costs, and savings in
building envelope elements. These factors were not included in this work. ASHRAE 90.1
Envelope Subcommittee has developed a list of component infiltration rates, which can be used
to evaluate the overall building air infiltration rate of the entire structure for further building
energy analysis (ASHRAE, 2013). This work only evaluates energy loss costs and savings on
improved R-values of building envelope elements.
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Rapid Data Collection Using DJI Drone Equipped with Infrared Camera
The procedure for the rapid data collection using a drone mounted infrared camera is
simple. The procedure is pointing the infrared camera on the target, allow it to focus, and then
capture a clear thermal image. However, few camera settings are needed to get a clear thermal
image of the building’s envelope surface. Before getting started, here are highlights of the
procedure that is needed
•

Data recorded with drones were from roof tops, high-rises and difficult-to-reach areas;
hand-held infrared camera was used for components at the ground level

•

Ensured the weather condition was safe for flying. Extech Model 451181 was used to
obtain wind velocity. The safe wind speed determined from a test flight for DJI Phantom2 is 10-15mph

•

Assembled the drone and its complementary accessories (using flight manual for DJI
phantom 2) for flight take-off

•

Ensured the camera started recording from the ground level and the flight didn’t go more
than 100 feet high.

•

After recording, data captured was transferred to the computer for further analysis using
FLIR software tools.
Data captured with this method are shown and discussed in the experimental result

section of this work. The equipment (drone-mounted infrared camera) used for data capturing is
illustrated in Figure 6.
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Figure 6. DJI Phantom 2 Equipped with FLIR-Vue Pro Infrared Camera
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CHAPTER 4
EXPERIMENTAL RESULTS

Overview
This chapter presents the results of the R-values for the studied buildings. It further
illustrates the amount of energy loss, costs and presents specific conclusions as regards the
deviation of the R-values from the ASHRAE published standards. The chapter concludes by
identifying some of the building envelope deficiencies, illustrated on thermal images shown later
in this section.

Results of the Study
Ten buildings were selected for the pilot project. The selected buildings vary according to
location, size, usage, and structure. Most of these buildings are old, and the building envelope
element’s R-values at their current states are unknown. Thus, the methodology described in the
previous chapter was used to quantify R-values for doors, windows, and walls of the studied
buildings. For windows and doors, the As-built R-values were computed using Window 7.4
LBNL software (LBNL, 2015). This software is capable of establishing R-value based on preregistered materials simulations. Figure 7 shows a typical sample of such simulation for a
window in Building ID 3. Details of the building IDs are given in appendix A.
For the walls, the As-built R-values were quantified using ISO 6946:2007 standard.
Detail of this standard was described in the literature review section of this research work. Table
3 and 4 illustrates the R value quantification of an insulated and un-insulated wall of one of
building ID1. The same procedure was applied to all buildings studied in this research work,
40

while Table 5 shows the results of the estimated R-values of the building envelope elements
obtained by the proposed IRT. Other R-values shown in Table 5 are the ASHRAE published Rvalues and As-built R-values.
Table 3.
Masonry R-value Quantification According to ISO 6946:2007
Layer / Surface
External surface Rse

Thickness
(in)
------------

Conductivity (λ)
(W/mK)
----------

R-value
(m2K/W )
0.04

ft²·°F·h/Btu

Outer Leaf brick

4" (0.102m)

0.77

0.132

0.75

Air gap

up to 4" (0.102m)

----------

0.18

1.02

Concrete

8" (0.2032m)

0.77

0.23

1.28

Internal Surface (Rsi)

-------------

-----------

0.13

0.74

Total Resistance

R-value
0.23

4.02

Table 4.
Masonry R-value Quantification with Additional Insulations According to ISO 6946:2007
Layer / Surface

Thickness
(in)

Conductivity (λ)
(W/mK)

External surface Rse
0.77

R-value

R-value
(m2K/W )
0.04

ft²·°F·h/Btu

0.132

0.75

0.18

1.02

0.23

Outer Leaf brick

4" (0.102m)

Air gap

up to 4" (0.102m)

Concrete

8" (0.2032m)

0.77

0.23

1.28

insulation

1" (0.0254m)

0.038

0.67

3.8

Plywood

1" (0.0254m)

0.13

0.195

1.11

Plasterboard

1" (0.0254m)

0.25

0.1

0.57

0.13

0.74

Internal Surface (Rsi)
Total Resistance

9.49

41

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

(𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) + (𝑅𝑅𝑈𝑈𝑈𝑈−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝐴𝐴𝑈𝑈𝑈𝑈−𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 )
𝐴𝐴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 =

(9.49 × 365.15) + (4.02 × 29860.28)
30225.3

𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 4.09 ft²·°F·h/Btu

Figure 7. U-factor Estimation by Simulation from LBNL Window 7.4 Software
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Figure 7 represents a model of a window type found in building ID3. After the simulation, the
overall U-factor is 1.930 which can be converted to its corresponding R-Value using equation
(14)
R − Value = 𝑈𝑈

1

(14)

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

1

R − Value = 1.930 = 0.5181(m2K/W )

0.5181 × 5.678 = 2.941 ft²·°F·h/Btu

The conversion factor from a metric system (SI unit) to American system (US/IP) is
1 K·m²/W ≈ 5.67446 ft²·°F·h/Btu
Table 5.
Estimated R-values of Building Elements for Ten Different Buildings on ETSU Campus

Building
ID
Function

Construction
Year

Total
Area (sq
ft)

1

1963

61,241

2

3

4

Lab/Classroom

Administrative

Lab/Classroom

Housing

1963

1905a

1974

98,988

63,035

64,603
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Building
Element
Wall
Doors
Windows

Asbuilt
RValues
4.09
1.06
2.08

ASHRAE
R-Values
Estimated
R-values
9.6
3.68
1.30
0.99
2.22
1.72

Wall
Doors
Windows

4.09
1.00
2.01

3.72
0.94
1.56

9.6
1.30
2.22

Wall

5.70

4.42

9.6

Doors
Windows

3.53
2.94

3.24
2.76

1.30

Wall

6.76

5.38

Doors
Windows

1.00
2.04

0.92
1.86

11
1.64

2.22

2.86

Table 5 (Continued)
5

6

7

8

9

10

Administrative

Administrative

Administrative

Administrative

Administrative

Administrative

b

1950

c

1950

d

1916

e

1916

f

1950

f

1950

2,991

Wall
Doors
Windows

2.27
1.16
0.99

2.26
1.04
0.89

9.6
1.30
2.22

2,033

Wall
Doors
Windows

4.02
1.06
0.98

3.80
0.74
0.90

9.6
1.30
2.22

2,513

Wall
Doors
Windows

5.64
1.04
1.10

5.16
0.88
0.85

9.6
1.30
2.22

2,811

Wall
Doors
Windows

2.70
1.26
1.10

2.54
0.94
0.96

9.60
1.30
2.22

2,170

Wall
Doors
Windows

5.88
1.06
1.89

4.74
0.92
1.01

9.60
1.30
2.22

2,849

Wall
Doors
Windows

6.42
1.26
1.89

5.16
0.98
1.12

9.6
1.30
2.22

Alphabets represents the year each of the buildings was renovated
(a-2011, b-1987, c-1995, d-1968, e-1967, f-1972)

As shown in Table 5, the R-values of building envelope elements decreased over time
and they are significantly lower than the ASHRAE published standards. These data can now
draw attention to the building energy manager and show enormous energy saving opportunities.
A computer application was developed to estimate cost savings if the corresponding building
elements were upgraded to the ASHRAE recommended standards. The application interfaces are
shown in Figure 8, 9, and 10. A short manual on how to use the models for each of the
application developed is presented in appendix G.
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Figure 8. A Default Model of a Computer Application to Quantify Energy Loss, Cost Savings
and Payback Period
Table 6.
Description of the Variables, Constants, and Formulas used in the Application Interface
Variable/Constant

Description(s)

Building Name

Name of the building under inspection

Component Name

Type of the building envelope element (Door, window, wall, etc.)

Inputs
T (Inside - Air)

Indoor air temperature of the building obtained from Extech Model
451181

T (Outside - Air)

Outdoor air temperature of the building obtained from Extech Model
451181
45

Table 6 (Continued)
Emissivity

Emissivity of the target obtained from smartview software analysis

Thermal
convection
coefficient

A standard surface heat transfer co-efficient referenced in a table from
ISO 6946: 2007

T (Inside - Wall)

The target surface temperature at the time of the experiment

T (Inside Reflected)

The reflected temperature from aluminum foil determined from the
smartview software data analysis

New R-Value

The proposed higher R-value or the recommended R-value from
ASHRAE

Cost of New
Component ($/sq
ft)

The price and labor for installing a new component having a higher Rvalue (Costs used here was gotten by enquiry from a local vendor)

Future Year Count

Number of years intended to estimate the amount savings

Area HDD

The heating degree days of the region in which the building under
inspection is located

Area CDD

The cooling degree days of the region in which the building under
inspection is located

Energy Cost
(Electricity)

The utility price of electricity determined by the local power supplier

Energy Cost of gas

The price of gas determined by the local gas suppliers

Rate of Inflation of
electricity

Annual projected rate of inflation for the electricity.

Rate of Inflation of
gas

Annual projected rate of inflation for the gas

Outputs
Annual Energy
Loss (kWh)
Existing

Amount of Energy loss associated with the envelope element.
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×(𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

3413
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Table 6 (Continued)
Annual Energy
Amount of Energy loss associated with the new envelope element.
1
Loss (kWh) New
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×(𝐶𝐶𝐶𝐶𝐶𝐶+𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 =
3413
Annual Energy
Cost of Heating
($) Existing
Annual Energy
Cost of Heating
($) New
Annual Energy
Cost of Cooling
($) Existing
Annual Energy
Cost of Cooling
($) New
Total Annual
Energy Cost ($)
Energy Cost in
“n” Years
Annual Energy
Savings
Estimated RValue

The cost associated with heating of the building based on existing
building envelope component - determined by the gas price ($/therm)
𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑔𝑔𝑔𝑔𝑔𝑔)

100,000

The cost associated with heating of the building based on new
building envelope component - determined by the gas price ($/therm)
𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐻𝐻𝐻𝐻𝐻𝐻)
𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

100,000

× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 (𝑔𝑔𝑔𝑔𝑔𝑔)

The cost associated with cooling of the building based on existing
building envelope component - determined by the electricity price
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐶𝐶𝐶𝐶𝐶𝐶)
𝑅𝑅𝑖𝑖𝑖𝑖−𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

3413

× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

The cost associated with cooling of the building based on new
building envelope component - determined by the electricity price
𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

1
×𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 24×𝐶𝐶𝐶𝐶𝐶𝐶)
𝑅𝑅𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

3413

× 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

Summation of the cooling and heating cost
𝑄𝑄ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

The cost of energy required for heating and cooling in ‘n’ years
∑𝑛𝑛𝑖𝑖 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (1 + 𝑟𝑟)𝑛𝑛𝑖𝑖
Energy savings on yearly basis.

(Total annual energy cost existing – Total annual energy cost new)
The quantified R-Value on the existing component based on
experiment 𝑅𝑅 =
(𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎 −𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑎𝑎𝑖𝑖𝑖𝑖 )

Payback Period

4
4
[ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ×�𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑎𝑎𝑎𝑎𝑎𝑎 −𝑇𝑇𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 �]+[𝜀𝜀×𝜎𝜎×�𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
−𝑇𝑇𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼,𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟
�]

Number of years in which the better envelope component will
evidence the cost of its replacement
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
(𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 − 𝑁𝑁𝑁𝑁𝑁𝑁)𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
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Table 7 shows annual energy savings in kWh and costs. By improving building envelope
elements and insulation issues, an average $2,250 can be saved from the studied buildings
annually.
Table 7.
Estimated Annual Savings after Replacing Poor Elements

Building ID

Function

1

Lab/Classroom

Annual
Energy
savings
(kWh)
228,436

Annual
savings
($)

2

Administrative

235,002

$6,298

3

Lab/Classroom

131,036

$3,511

4

Housing

148,899

$3,990

5

Administrative

29,718

$798

6

Administrative

13501

$346

7

Administrative

13412

$344

8

Administrative

21888

$561

9

Administrative

10191

$261

10

Administrative

10492

$269

$6,121

Total

$22,499

However, energy costs and some of the other parameters for estimating the costs are
different for different zones and areas. The computer application was made flexible so that
energy managers in other locations can use data acquired by IRT to determine the energy loss,
costs, and savings. The sample application is shown in Figure 9.
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Figure 9. A Second Model of the Computer Application to Quantify Energy Loss, Cost Savings
and Payback Period
Finally, to purchase an energy efficient component for new constructions, it will be
necessary to analyze and compare the costs and future energy savings when procuring a building
component with a better R-value. The application shown in Figure 10 can be used to estimate the
cost and savings associated with choosing a better building envelope element.
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Figure 10. A Third Model of the Computer Application Developed to Quantify Energy Loss,
Cost Savings and Payback Period
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Effectiveness of Rapid Data Collection using DJI Phantom 2 equipped with FLIR-Vue Pro
Infrared Camera
This section explains the rapid data collection process to identify energy performance of
various building envelope elements and insulation deficiencies. The accuracy and quality of the
IR images captured depend on the focus, thermal level, thermal span, thermal range, perspective,
composition and palette (Fluke Training Manual , 2013)
Since rapid data collected during the building inspections are qualitative in nature,
precise temperature values of the surfaces were not of concern at the point of capture. The simple
procedures used to acquire the data were; Point, Focus, and Capture. All other settings to
improve the image quality, such as emissivity correction, reflected and ambient temperature
corrections, etc. were done on the software during data post-processing. The emissivity values
used for the various data obtained were taken from the list of materials emissivity in the
“Smartview” software settings. A detailed list of materials emissivity values can also be obtained
from FLIR Systems (FLIR Systems, 2010). Direct view from the camera to the object surfaces
were ensured without obstructions. Shiny and reflective surfaces (those unable to be
compensated for) were avoided during data acquisition and analysis because they gave false
images. Figure 11a, and 11b shows samples of thermal images taken from the building elements.
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Figure 11 (a & b). Samples of Thermal and Visible Light Images of a Window in Building 1 and
3
The window shown in Figure 11a, displays insulation defects around the frames,
however, Figure 11b shows a sample of a window that has a very good resistance to heat
transfer. Major defects common to doors are exfiltration through openings, edges or perforated
holes on door surfaces as can be seen in Figure 12a, 12b, and 12c. More thermal and visible light
images showing window defects are given in appendix B while other samples of door defects
and exfiltration are illustrated in appendix C.
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Figure 12 (a, b, and c). Thermal and Visible Light Images showing Exfiltration the Doors
Other defects noticed in the building elements are air leaks due to cracks in walls,
moisture detection, thermal bridges and improper insulations. Figure 13a shows gradual amount
of heat loss through the wall of building 1 due to cracks in the wall.
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Figure13 (a, b, and c). Thermal and Visible Light Images Showing Heat Loss Due to Wall
Cracks and Thermal Bridges
Other samples of wall defects, thermal bridges and moisture defects are given in appendix D.
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The aerial thermal images captured in this work were very simple and fast. An average of
600 images was collected in the studied buildings for 15 minutes. Figure 14 shows sample of
thermal images gotten from the drone mounted infrared camera for building 6.

Figure 14 (a, b, c, d, e, and f). Thermal Images Captured by the Drone-Mounted Infrared Camera
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Further, Figure 15 shows sample of thermal images gotten from the drone mounted
infrared camera for building 1.

Figure 15 (a, b, c, d, e, and f). Thermal Images Captured by the Drone-Mounted Infrared Camera
of Building ID 1
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More thermal images of the inspection carried out with a drone mounted infrared camera are
given in appendix E.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

Conclusions
Energy performance of building envelope such as wall, roof, doors and windows
significantly impact overall energy usage of a building and therefore, offer a significant
opportunity for energy-saving. This research work outlined an IR thermography based in-situ Rvalue calculation method for existing buildings when such values are unknown. The study also
presents a rapid data collection process using a drone equipped with Flir Vue Pro IR camera and
Fluke handheld IR camera. The study found that R-values of building envelope change over time
and are significantly lower than the ASHRAE recommended R-values. Based on the estimated
in-situ R-value, this work analyzed the energy loss costs, the future savings to be acquired if the
elements that have the poor R-values are upgraded to those recommended by ASHRAE. The
analyses presented in this study would assist the energy engineers to understand in-situ building
envelope performance and serve as a catalyst to undertake building envelope improvement
projects.

Recommendations
This study analyzed the energy loss, costs and potential savings with emphasis on the
existing building’s thermal resistance values only. Although, the study detected a lot of
deficiencies with the rapid data collection process, however, the data obtained was qualitative in
nature, and as a result, there is no quantitative way to quantify the energy loss costs and savings.
As an example, air exfiltration was one of the prominent and a critical factor found on the doors
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and windows, the study did not evaluate the energy loss, costs, and savings with the air
exfiltration found. Thus, further studies would establish the energy loss, costs and savings, by
interpreting and transforming the qualitative data from the thermal images of building defects
into quantitative data.
Another, important factor not considered in this work but would assist in improving the
efficiency and payback period of the building envelope components is the solar heat gain effect.
A building envelope simulation and upgrade with this factor focusing on the south windows and
doors would have a good effect in increasing the building envelope energy efficiency.
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APPENDICES

Appendix A: Name of Buildings Studied in this Research
Table A1.
Details of ETSU Buildings Studied in this Research Work
Building ID

Building Name

Address

1

Wilson Wallis Hall

258 S Dossett Dr.

2

Burgin E. Dossett Hall

1276 Gilbreath Dr.

3

VA Campus Building 1

809 Lamont St, Mountain Home

4

Luntsford Apartment

391 S Dossett Dr.

5

Government relations

914 West Maple Street

6

School of Continuing Studies

902 West Maple Street

7

Alumni House

908 West Maple Street

8

Cross Disciplinary Studies

916 West Maple Street

9

Internal Audit

918 West Maple Street

10

Office of Planning and Analysis

920 West Maple Street
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Appendix B: Window Defects

Figure B1.

Thermal and Visible Light Images of Energy-Efficient Window in Building 3

Figure B2.

Thermal and Visible Light Images of a Window in Building 5

Figure B3.

Thermal and Visible Light Images of a Window in Building 6
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Figure B4.

Thermal and Visible Light Images of a Window in Building 2

Figure B5.

Thermal and Visible Light Images of a Window in Building 8

Figure B6.

Thermal and Visible Light Images of a Window in Building 9
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Figure B7.

Thermal and Visible Light Images of a Window in Building 9

Figure B8.

Thermal and Visible Light Images of a Window in Building 8

Figure B9.

Thermal and Visible Light Images of a Window in Building 9
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Figure B10.

Thermal and Visible Light Images of a Window in Building 9

Figure B11.

Thermal and Visible Light Images of a Window in Building 9

Figure B12.

Thermal and Visible Light Images of a Window in Building 5
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Figure B13.

Thermal and Visible Light Images of a Window in Building 1

Figure B14.

Thermal and Visible Light Images of a Window in Building 5

Figure B15.

Thermal and Visible Light Images of a Window in Building 8
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Figure B16.

Thermal and Visible Light Images of a Window in Building 8

Figure B17.

Thermal and Visible Light Images of a Window in Building 7

Figure B18.

Thermal and Visible Light Images of a Window in Building 6
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Figure B19.

Thermal and Visible Light Images of a Window in Building 2

Figure B20.

Thermal and Visible Light Images of a Window in Building 1
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Appendix C: Door Defects

Figure C1.

Thermal and Visible Light Images of a Door in Building 1

Figure C2.

Thermal and Visible Light Images of a Door in Building 1

Figure C3.

Thermal and Visible Light Images of a Door in Building 1
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Figure C4.

Thermal and Visible Light Images of a Door in Building 1

Figure C5.

Thermal and Visible Light Images of a Door in Building 3

Figure C6.

Thermal and Visible Light Images of a Door in Building 3
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Figure C7.

Thermal and Visible Light Images of a Door in Building 2
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Appendix D: Wall Defects and Thermal Bridges

Figure D1.

Thermal and Visible Light Images of a Wall Section in Building 9

Figure D2.

Thermal and Visible Light Images of a Wall Section in Building 1

Figure D3.

Thermal and Visible Light Images of a Wall Section in Building 8
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Figure D4.

Thermal and Visible Light Images of a Window and Wall Section in Building 9

Figure D5.

Thermal Bridge of a Wall Section in Building 1

Figure D6.

Thermal and Visible Light Images of a Wall and Roof in Building 9
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Figure D7.

Thermal Bridge of a Wall Section in Building 3

Figure D8.

Thermal and Visible Light Images of a Wall Section in Building 9

Figure D9.

Thermal and Visible Light Images of a Wall Section in Building 9
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Figure D10.

Thermal and Visible Light Images of a Wall Section in Building 8

Figure D11.

Thermal and Visible Light Images of a Wall Section in Building 3
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Appendix E: More Images from a Drone-Mounted Infrared Camera

a

b

c

d

e

f
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g

h

j

i

Figure E1. (a, b, c, d, e, f, g, h, i, and j). Thermal Images Captured by the Drone-Mounted
Infrared Camera from Building 1 and 8.
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Appendix F: Break-Down of Building Elements with Associated Cost Savings
Table F1.
Summary of Cost Savings of each Elements Experimented
Building ID
1

Function
Labs/Classes

Element Annual savings
Walls
$3,965
Doors
$ 256
Window
$1,900

2

Administrative

3

Health

4

Housing

5

Administrative

6

Walls
Administrative Doors
Window

7
8
9

Walls
Doors
Window

$5,244
$ 347
$707

Walls
Doors
Window

$3,511
------

Walls
Doors
Window

$3,136
$135
$719

Walls
Doors
Window

$562
$26
$210
$142
$ 57
$147

Walls
Administrative Doors
Window

$99
$45
$ 200

Walls
Administrative Doors
Window

$357
$22
$182

Walls
Administrative Doors
Window

$102
$31
$128
79

Total

$6,121
$6,298
$3,511
$3,990
$798
$345.79

$343

$ 561

$261

Table F1. (Continued)

10

Walls
Administrative Doors
Window

$112
$18
$138

80

$269

Appendix G: Manual for the Computer Application Developed
The computer application interface has three models.
Default Model.
This is designed for buildings in the Tri-Cities area. The HDD and CDD are made
constant; also the electricity price and gas price made constant.
Model 1
This model is designed as a universal and a flexible model. All data are declared as
variables. Engineers outside the tri-cities can use this model to find the cost and saving
associated with their building envelopes.
Model 2
This model can be used by engineers to know what savings they can make when
procuring a building envelope element with a known R-value. The model can also be used by
engineers to determine the energy loss, savings, and energy costs of upgrading to a better Rvalue element, if an existing building element R-value has been determined by a method
(whether by IRT, or any other method
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